Many of the optical functions of astronomical instrumentation and other disciplines can be performed by holographic optical elements (HOEs). These objects transmit and manipulate light analogously to more conventional lenses, mirrors, and diffraction gratings. Of particular interest are computer-generated holograms (CGHs), which can be designed and constructed purely from knowledge of their optical layout and intended function, and without requiring any physical reference object.
Figure 1. Ultraviolet-visible-near-IR spectrum of uncolored (black line) and colored (blue line) photochromic thin films. A, B: States of photochromic material. : Wavelength. T: Transmittance. VIS: Visible light.
implies that after exposure to the writing light, the hologram is ready for immediate use, without (for example) chemical postprocessing. The diarylethene-based polyurethanes we have developed boast good, easily tunable optical properties. 4 One application of photochromic amplitude CGHs is as reference surfaces for interferometric optical testing of lenses and mirrors. 5 If the optical system under test is highly aspheric or free-form, the creation of an appropriately complex reference optical surface may be difficult or even impossible. Figure 2(a) shows how the problem can be overcome using a rewritable CGH to mimic the wavefront that would be returned from the reference surface. 6 As interferometric measurements confirm, the performance of our photochromic CGH depends mainly on the accuracy of the written pattern and not on the properties of the material. The red line in Figure 2(b) shows the contrast at the laser wavelength (633nm) used in the interferometer, and Figure 2 (c) shows a sample CGH exploiting this effect. 5 Phase holograms are generated by modulating the material's refractive index. Figure 3(a) shows the results of this behavior in a thin film of diarylethene-based polyurethane. In the near-IR region ( > 800nm), where the photochromic film is essentially transparent (see Figure 1 ), the change in refractive index (n) is on the order of 0.01-0.04. This difference may be exploited to create a volume phase holographic grating, by writing a pattern that modulates the refractive index periodically (typically sinusoidally), such as the one in Figure 3 (d). 7 The diffraction efficiencies of a typical grating at various incidences and wavelengths are shown in Figure 3 (b). It is well known that achieving good efficiencies for such a grating requires a large n (> 0:02) and a film thickness between 3 and 50 m. From a materials point of view, this implies that the concentration of the photochromic moiety in the film must be as large as possible. But if it is desired to convert all of the photochromic material, then there is an upper limit to the film thickness, since the substrate's absorptivity in the UV-visible is very large. Another important consequence of this strong absorptivity, shown in Figure 3(c) , is that the conversion proceeds highly nonlinearly through the thickness of the material. As a result, the exact refractive index profile produced is complex and depends on the exposure time and on the light power.
Figure 2. (a) Interferometric test using a CGH (computer-generated hologram) as a reference optical surface. (b) Contrast between the colored and uncolored forms of the photochromic polyurethane film at the interferometer laser wavelength (633nm). (c) The amplitude photochromic CGH.

Figure 3. (a) Refractive index modulation in a photochromic polyurethane thin film. (b) Diffraction efficiencies of a photochromic volume phase holographic grating (VPHG) at different wavelengths. (c) Concentration/refractive index profile of the uncolored form through the film during holographic exposure with a sinusoidal illumination profile. (d) Micrograph of a photochromic VPHG. n: Refractive index. n: Change in refractive index. t: Time. y/ : Distance along film (normalized period). z: Depth below film surface.
Photochromic materials also have non-holographic applications in astronomical instrumentation, where they can be used as the basis of rewritable focal plane masks (FPMs) for multiobject spectroscopy. The slits of the FPM select the stars and objects of interest by removing all sky contamination. Unlike traditional metal masks, photochromic masks allow the astronomer to write a slit pattern, make observations, then erase the pattern and write a new one as needed. 8 The versatility of photochromic polymeric materials makes them an excellent choice for creating rewritable HOEs. As either amplitude elements or phase elements, they can find application in many different technological fields, from photonics to spectroscopy. Our future research will focus on methods for improving film quality and for increasing the precision of the writing process. 
